A new CO 2 "hybrid" IR sensor concept for indoor air quality (IAQ) combining infrared detection and CO 2 sorbent material is presented. The preparation and characterization of the CO 2 sensitive layers are described and the CO 2 sorption process, measured with IR absorption technique, is illustrated.
Introduction
A great interest in CO 2 sensors has been developed for the control of indoor air quality (IAQ) and the improvement of energy efficiency of heating, ventilation and air conditioning systems (HVAC) [1] . Currently, commercially available CO 2 gas sensors are divided into two mains categories: non-dispersive infrared technique (NDIR) [2] and chemical techniques like resistive CO 2 sensors [3] . NDIR sensors function by monitoring CO 2 IR-absorption radiation at the specific wavelength of 4.26 μm [2] . Only CO 2 absorbs strongly at this wavelength implying high selectivity. However, miniaturization remains the major issue, because sensitivity is determined by the light path and is typically about 50 mm for reliable measurement. Chemical sensors rely on a gas sensitive layer. Compared to NDIR sensors, chemical gas sensors have the advantage of very low energy consumption, low cost and compact size to fit into microelectronic-based systems. However, they suffer from poor selectivity. Therefore, by combining both sensing principles, it should be possible to develop a new miniaturized, highly sensitive, and inexpensive CO 2 sensor. This paper proposes a new type of "hybrid" sensor for CO 2 detection with a target concentration range between 400 and 2000 ppm. The concept relies on a CO 2 sensitive layer that enriches the CO 2 from the surrounding area. The concentrated CO 2 is then monitored using the NDIR technique.
Sensor concept:
Sensor description: A cross-sectional view of the sensor concept is shown in Figure 1 . The sensor comprises a thermal infrared light source directed toward two filters placed in front of two pyroelectric detectors. In addition, a CO 2 sensitive film is placed between the source and the detector, resulting in a typical optical absorption path of 5 mm. The sensitive film acts as an enrichment layer, meaning that it captures and concentrates the CO 2 of the surrounding area, resulting in a higher CO 2 concentration inside the layer than outside. As a consequence, the CO 2 optical absorption should be more intense through the film and the optical path length can be reduced. CO 2 can be thermally desorbed from the sensitive layer, typically around 100°C ensuring the reversibility of the sensor. The interaction of CO 2 with the sensitive material gives rise to particular active infrared species whose intensities depend on the number of CO 2 molecules bound to the active sites, allowing the sensor to determine the concentration of the adsorbed CO 2 . The carrier substrate is preferably porous as it exhibits a large specific surface area, enhancing the CO 2 adsorption at the surface and its diffusion into the bulk. However, as the substrate is situated at the light path, it has to be transparent at the wavelength range where physically and chemically bound CO 2 is absorbing.
Enrichment layer: CO 2 sensitive materials have been extensively investigated and developed for various applications, namely CO 2 capture storage and utilization (CSU) [4] . They are divided into two major classes: physisorbents governed by van der Waals interactions, such as activated carbon and inorganic porous materials like zeolites and chemisorbents known to bind covalently to CO 2 such as metallic compounds and amine based sorbents [4] . Among all investigated sorbents, amine based materials have attracted considerable attention due to the strong affinity of CO 2 to amine sites at ambient conditions, as well as their reaction reversibility by mild temperature swings [5] . For this purpose a large range of commercially available sorbents, mainly amine based and porous substrates were selected. These included monomers like aminosilane [6] and tetraethylenepentamine [7] and polymers such as polysiloxane [8] , polyaniline [9] and polyethyleneimine [10] . The choice of substrate was based on porosity, affinity to the sorbent, mechanical stability and ideally amine-containing group such as nylon and polyimide. Efforts were concentrated on developing a stable sorbent layer with micrometer thick layer for sufficient CO 2 sorption.
Results and discussion:
Evaluation of screened materials: the majority of screened porous substrates were not IR transparent which reduced the choice to porous Al 2 O 3 , polypropylene, polyethylene and silicon substrates. Also, some difficulties were faced when preparing some micrometer thick sorbent layer like the bad adhesion to the substrate, the thermal instability and the partial evaporation of the layer when heating, as only the first layers are covalently bound to the substrate. One approach to overcome these limitations is to add a stabilizer which binds chemically to the sorbent and stabilizes the resulting layer. Glutaraldehyde (Ga) is one of the most used cross-linkers for compounds containing amine thanks to the strong affinity of oxygen towards the nitrogen atom [11] . However, such crosslinking requires at least one amine site pro molecule, which could reduce the CO 2 adsorption capacity. One way is to use amine-rich materials like polyethylenimine (PEI), which contains an abundance of amines in the polymer backbone; primary, secondary and tertiary amines make up 33% of the total weight. Cross-linked PEI-Ga layers were dip coated on Al 2 O 3 substrate following the layer-by-layer technique to obtain different layers with different thicknesses [11] . The characterization of the prepared sorbent layers before and under CO 2 is illustrated in the following section. Figure 2 contains the SEM pictures of Al 2 O 3 before and after coating with branched PEI (b-PEI). b-PEI formed an upper layer blocking the access to the pores without filling them completely as the pores diameters decreased by 30%. This behaviour could be due to the steric hindrance arising from the hyperbranched structure and the high molar weight of b-PEI; PEI tends to stay at the surface and not go into the pores. Figure 3 shows the transmission spectra, under vacuum, of Al 2 O 3 membrane before and after b-PEI loading. The IRspectra of alumina shows a strong broad band around 3400 cm -1 . It can be assigned to the hydrogen bonding in adsorbed H 2 O on the surface of the membrane [10] . After b-PEI loading, this band is significantly reduced and additional bands appeared. The new bands are characteristic of PEI vibrations [10] . It suggests that the adsorbed H 2 O is occupied or replaced by PEI molecules [10] .
Material characterization:
Characterization in gaseous atmosphere: For gas characterization, the sample was placed in a heatable gas cell of about 100 ml. The gas cell was fixed in the light beam of FTIR spectrometer. The in situ transmission IR spectra of adsorbed CO 2 on Al 2 O 3 membrane before and after functionalization with PEI are shown in Figure 4a . Prior to CO 2 sorption, the sample was cleaned and the background was established. While CO 2 introduction didn't affect the Al 2 O 3 IR-spectra, new bands over the whole spectral range emerged once PEI is exposed to CO 2 . The adsorption of CO 2 on PEI gave rise to several adsorbed species: carbamate-ammonium ion pairs (3400-2980 cm-1, 1650-1300 cm-1), zwitterions (2750-1750 cm-1) and carbamic acid (~1700 cm-1). The most intense band lies within the 1750-1250 cm -1 region. The IR-band intensity function of CO 2 exposure time is displayed in Figure 4b and all band assignments for adsorbed CO 2 species are tabulated in table 1. As expected, the band intensities increase with increasing CO 2 exposure time after 2 minutes. It reaches 50% of the intensity recorded at the equilibrium. Further exposure to CO 2 increases the intensity slowly for the first 20 min and even slower afterwards. This could be explained by the higher availability of amine groups on the surface than in the bulk, and thus the faster absorption of CO 2 on the outer surface and near surface layers; however, the diffusion of CO 2 in the bulk is kinetically controlled and slow.
Effect of the temperature: Figure 5a displays IR profile of the CO 2 sorption at 30°C, 50°C and 70°C after 30 min sorption time. Increasing the temperature to 50°C increases the band intensities of the formed species. However, further increasing to 70°C decreases the intensities considerably. These observations suggest that at 70°C and under gas flow, CO 2 starts desorbing from the material. On the other hand, the absorption at 50°C is more favoured than 30°C. This could be explained by the diffusion effect, as the CO 2 diffusion into the bulk is enhanced with the temperature. In addition, it was reported in literature [10, 12] that high molecular weight PEI has a rigid structure at low temperature and that the polymeric chains are more flexible at high temperature, which means that the amine groups become more accessible for CO 2 sorption. Figure 5b shows the IR spectra of b-PEI at 400 ppm and 1000 ppm CO 2 for different exposure times. In the first two minutes, the signature of 1000 ppm is stronger that of 400 ppm CO 2 . However, with increasing absorption time, the effect of the CO 2 concentration decreases. It seems that the adsorption is a function of the number of CO 2 molecules, not in the gas phase, but reaching the surface and diffusing into the bulk, and of the capacity of the material to capture and store CO 2 . Therefore, for sensor applications, the exposure time should be as short as possible in order to determine the concentration. CO 2 desorption: CO 2 desorption at ambient temperature under N 2 is presented in Figure 6a . While the gaseous CO 2 peak decreases significantly after the first minutes of purging, the signal of the carbamates needs more than 60 min to disappear, indicating the complete desorption of CO 2 from the PEI layer. These observations suggest that CO 2 is not strongly bound to the amine sites, as it can be removed at ambient temperature. However, as shown in Figure 5b under a high temperature of about 100°C, the process is immediate, which is also reported in literature [10] . 
Conclusion
A new CO 2 sensor concept was presented. Different candidate materials for the enrichment layer were tested and the most promising results of b-PEI were illustrated. It was found that CO 2 sorption involves two steps: absorption of CO 2 on the surface followed by diffusion into the bulk. CO 2 sorption is also enhanced with temperature lower than 70°C. The desorption is immediate above 100°C. Future work will focus on the proof-of-concept of the sensor design incorporating the enrichment layer in the miniaturized sensor and further investigation of the materials with better understanding of material properties e.g sorption and desorption temperature, CO 2 capture capacity, sorption mechanism, etc. The selection of best material for the sensors applications will be based on the performance towards CO 2 followed by the optimization of the layer eg. thickness, mechanical and thermal stability, etc.
